We investigate the carrier dynamics in Landau-quantized graphene within the density matrix formalism. In particular, we focus on the carrier-light interaction addressing the impact of higher-order polarizations beyond the optical selection rules. We find that these terms are in general negligible, however, there are regimes, where they even become crucial for the carrier dynamics. Our calculations show that for short excitation pulses, very small Landau level broadenings, and certain configurations of magnetic field strength, Fermi energy, and excitation energy, higher-order polarizations need to be taken into account.
INTRODUCTION
Since the groundbreaking experiments on the exfoliation of graphene within the scotch-tape method in 2004, 1 graphene has attracted much attention, 2 and has been discussed as a new material for a variety of technological applications.
3-10 A profound understanding of the carrier dynamics in photo-excited graphene is the key to exploit the full potential of this interesting material in the field of optoelectronics.
11 While the ultrafast relaxation dynamics in graphene has been extensively studied, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] the research investigating the dynamics of charge carriers in graphene subject to an external magnetic field has recently started. [37] [38] [39] [40] [41] [42] [43] In an external magnetic field, the energy is quantized into Landau levels (LLs). 44 Here, unlike in an usual semiconductor, the energetic spacing between the discrete energy levels is non-equidistant resulting in an interesting behavior of photo-excited charge carriers. 38, 40, 41 In this Article, we investigate the carrier-light interaction in Landau-quantized graphene based on the density matrix formalism resulting in optical Bloch equations. [45] [46] [47] [48] The latter present a coupled system of differential equations describing the density matrix σ i→f (t) = a † f a i (t), where a † i and a i are fermionic creation and annihilation operators of the state i. While the diagonal elements of the density matrix σ i→f =i = ρ i describe carrier occupation probabilities and are important e.g. to model pump probe experiments, 49 the off-diagonal elements σ i→f =i = p i→f , also called coherences or microscopic polarizations, describe the optical excitation of the material. Considering low-energetic Landau levels with the indices n = 0, 1, 2, . . . , N in the conduction and valence bands (λ = v, c), the density matrix has (2N + 1) 2 entries including the zeroth LL n = 0 that belongs to both bands. The computational effort for the numeric solution of the Bloch equations can be considerably reduced by taking into account only off-diagonal elements σ n→n±1 (t) that fulfill the optical selection rules. In this work, we show that in certain situations this approximation is not valid requiring higher-order off-diagonal elements σ n→n±2 (t) to be included.
OPTICAL BLOCH EQUATIONS
Here, we briefly present the derivation of optical Bloch equations for Landau-quantized graphene. The starting point is the Hamilton operator
off -resonant Resonantly pumping the transition 2 → 3, no electrons can be optically excited from LL2 to LL3, since LL3 is already completely occupied. Instead, the off-resonant transition 3 → 4 is induced. Moreover, since the lowest order polarization p2→3 is strongly suppressed, higher-order coherences p2→4 become important.
where the first term is the free energy depending on the Landau level dispersion 
Here, ξ = ±1 is the valley index, 44 m = 0, 1, . . . is a quantum number expressing the Landau level degeneracy, 44 the constant α n=0 equals √ 2 for n = 0 and is 1 otherwise, m 0 denotes the free electron mass, v F ≈ 1 nm/fs is the Fermi velocity, 51 andˆ ± = (ê x ∓ iê y )/ √ 2 are Jones vectors describing left (+) and right (−) circularly polarized light.
52 The optical selection rules are expressed by the Kronecka deltas δ n f ,ni±1 . As a consequence, only polarizations of the form p n→n±1 are directly driven by an optical excitation and in general it is a good approximation to neglect higher-order coherences. The next order of such coherences is either p n→n±2 or p vc n→n . While the latter always corresponds to a transition between the valence (v) and the conduction (c) band, the first can be both intra-and interband Landau level transitions. These higher-order terms are negligible, as long as the build-up of the directly optically driven polarization p n→n±1 is not strongly suppressed due to Pauli blocking, cf. Fig. 1 .
To investigate the carrier-light coupling and the influence of higher-order polarizations, we derive the optical Bloch equations for Landau-quantized graphene. Exploiting the Heisenberg equation of motion, we obtain the most general form of these equations 11, 53 
Here,
is the transition energy and γ corresponds to a dephasing describing the impurityinduced Landau level broadening Γ = γ. The optical interaction conserves all quantum numbers characterizing the state l except for the band index λ l and the Landau level index n l , cf. Eq. 2. Taking into account the optical selection rules that are reflected by the Kronecker deltas δ n f ,ni±1 in Eq. 3, the sum over the Landau level index is reduced to a few terms. Fixing i = f = n and λ either to c or v, we perform the appearing sum over λ l and obtain the first Bloch equations describing the carrier occupation probabilities ρ 
Fixing i = n, f = n ± 1, we obtain for the optically driven polarizations p Examining Eqs. (6)- (9), we observe that the optically driven polarizations also couple to higher-order polarizations of the forms p vc n→n as well as p n→n±2 . To investigate the importance of these terms, we derive the corresponding equations of motion by accordingly performing the sum in Eq. 3 Here, we have negleted even higher-order polarizations of the form p n→n±3 .
CARRIER DYNAMICS
Now, we have everything at hand to investigate the impact of higher-order coherences on the carrier dynamics in Landau-quantized graphene. Solving the Bloch equations with and without the impact of the higher-order contributions p vc n→n and p n→n±2 , we can demonstrate their importance for the inter-Landau level dynamics. We assume n-doped graphene with a Fermi energy of F = 140 meV that lies between LL 3 and LL 4 according to Fig. 1 . The applied external magnetic field has the strength of B = 4 T and the temperature is set to T = 10 K. The initial carrier occupations correspond to the Fermi-Dirac distribution at this temperature, while the initial value for polarizations is set to zero. Figure 2 shows the temporal evolution of the carrier occupation ρ 3 as well as the real part of the polarizations p vc 2→3 , while the system is excited by a linearly polarized pump pulse with an energy matching the inter-LL transition 2 → 3, a pump fluence of pf = 0.05 µJcm −2 , and a width of 0.5 ps. The carrier dynamics is evaluated for different Landau level broadenings ranging from Γ = 0.1 meV to Γ = 2 meV. Although the transition 2 → 3 is completely blocked, since the initial occupation of LL 3 is 100%, the occupation significantly changes during the optical excitation, cf. Figs. 2(a) -(e). We observe a decrease right after switching on the excitation pulse. This is attributed to off-diagonal pumping of the transition 3 → 4, cf. Fig. 1 . This depopulation of LL 3 enables a resonant excitation of the transition 2 → 3 after some time and as a result ρ 3 increases again. After the turning point of the occupation ρ 3 , the transitions 2 → 3 and 3 → 4 have the same strength resulting in constant ρ 3 . Note that ρ 3 shows clear oscillations at the beginning of the dynamics. Interestingly, their frequency does not correspond to the energy of the resonant optically allowed transition 2 → 3, but to the transition 2 → 4. This illustrates that this oscillation results from the interplay of the optically driven polarizations p cc 2→3 and p cc 3→4 inducing the higher-order coherence p cc 2→4 . The direct comparison of the carrier dynamics with and without taking into account higher-order polarizations reveals the rather large impact of these higher-order contributions, cf. blue and orange lines in Fig.  2(a)-(e) . In fact, neglecting them results in a strongly unphysical behavior for small LL broadenings, where the occupation ρ 3 reaches values higher than 100%, cf. Figs. 2(a),(b) . For higher values of the LL broadening, the higher-order terms become less important. This is a consequence of the generally faster dephasing of the coherences, as illustrated in Figs. 2(e)-(h) showing the temporal evolution of the polarization p cc 2→3 with and without the impact of higher-order coherences. We find that the dephasing of the polarization significantly increases for enhanced Landau level broadenings. Furthermore, the influence of the higher-order coherences becomes smaller.
In summary, we have presented an investigation of the carrier-light interaction in Landau-quantized graphene based on optical Bloch equations. Our calculations reveal the crucial importance of higher-order coherences in specific situations, where the directly optically driven coherence is strongly suppressed due to Pauli blocking. We show that for short excitation pulses, very small Landau level broadenings, and certain configurations of magnetic field strength, Fermi energy, and excitation energy, higher-order coherences need to be taken into account to avoid unphysical behavior in the inter-Landau level carrier dynamics. 51. Castro Neto, A. H., Guinea, F., Peres, N. M. R., Novoselov, K. S., and Geim, A. K., "The electronic properties of graphene," Rev. Mod. Phys. 81, 109-162 (2009). 52. Jones, R. C., "A New Calculus for the Treatment of Optical Systems," J. Opt. Soc. Am. 31, 488-493 (1941) . 53. Malic, E., Winzer, T., Bobkin, E., and Knorr, A., "Microscopic theory of absorption and ultrafast manyparticle kinetics in graphene," Phys. Rev. B 84, 205406 (2011).
